Purpose: To study the morphology of human corneal nerves in eye bank organcultured corneas and in corneal grafts post-transplantation. Methods: Thirty-seven organ-cultured corneas were divided into: Group-A, anterior 300-400 lm of 20 corneas used for Descemets stripping endothelial keratoplasty, and Group-B, 17 full-thickness corneas unsuitable for transplantation. Corneas whole mounts were stained for nerves using acetylcholinesterase technique and examined by NanoZoomer digital pathology microscope. Central and sub-Bowman's stromal nerves and the sub-basal nerve plexus including perforation sites and terminal bulbs were studied. Ten eyes were imaged following penetrating keratoplasty using in-vivo confocal microscopy (IVCM) for the presence of sub-basal and stromal nerves at 1, 4-5 and 7-8 weeks postoperatively (five eyes) and in all the other five eyes, the final follow-up was at 12 weeks. Results: Fifteen of twenty (75%) corneas had stromal nerves in Group-A and 15 of 17 (88.2%) in Group-B. Average number of stromal nerves entering peripherally were 9.1 (range: 1-36). 7.5 in Group-A and 10.8 in Group-B. Central stromal nerves were seen in eight samples in Group-A and nine in Group-B. Many stromal nerves terminated abruptly without demonstrable continuity through Bowman's membrane. No terminal bulbs or sub-basal nerves were detected. In-vivo confocal microscopy (IVCM) showed 4 of 5 in 9 of 10 (90%) donor corneas had stromal nerves 1 week postoperatively, which remained present in 8 of 10 (80%) corneas at 4-5 weeks and in 9 of 10 (90%) at 7-8 weeks postoperatively. All 5 corneas analysed at 12 weeks showed the same stromal nerves from 1 to 12 weeks postoperatively. Sub-basal nerves were absent in all corneas over the 12-week study period. Conclusion: This study provides further insight into the behaviour of corneal nerves in transplanted corneas. Corneal stromal nerves/nerve-sheaths are preserved in organ-cultured eye bank eyes and persist post-transplantation up to 3 months. These could provide directional guidance to regenerating nerves from host stroma.
Introduction
Corneal transplant surgery is a definitive treatment option for many corneal diseases worldwide. Although lamellar corneal transplants are becoming the mainstay in developed countries, penetrating keratoplasty (PK) is still very commonly performed across the globe (Boynton & Woodward 2015) . One of the factors contributing to a successful surgical outcome is good preservation and exclusion of contamination of the donor corneas prior to transplantation. Most eye banks employ either the cold storage at 4°C or the organ culture storage at 37°C to preserve corneas prior to transplantation (Pels et al. 2008) .
The former method allows for corneal viability for up to 2-3 weeks and is preferred in the United States, while the latter method can maintain corneas for up to 4 weeks and is preferred in most European countries. These methods aim to prevent tissue degradation as well as to keep corneal cells and structure viable for prolonged periods. Corneal endothelial health and density is recognized as an important factor when choosing suitable corneas for transplantation. Although corneal nerves have not been shown to directly affect graft survival, reinnervation in corneal grafts is important because lack of nerves can affect the integrity of corneal epithelium, which in turn is important for graft survival. Previous studies have reported postmortem changes in human corneal nerves, particularly the sub-basal nerves, which degenerate rapidly within hours to days after death. M€ uller et al. (1997) showed by light microscopy that the majority of sub-basal nerves rapidly degenerated within 13 hr of death. AlAqaba et al. (2010a,b) reported similar results using whole-mount acetylcholinesterase (AChE) staining. They showed that there were no detectable sub-basal nerves after 24 hr of postmortem. Although larger stromal nerves are reported to survive for longer e334 periods, it is still unknown precisely for how long. Furthermore, most studies on post-mortem changes in corneal nerves were performed on fresh, unpreserved donor corneas (M€ uller et al. 1997; AlAqaba et al. 2010a,b) .
It has been shown that loss of viable Schwann cells (SC) in a nerve graft results in reduced neurotrophic support with associated reduction in regeneration (Li et al. 1997; Sulaiman & Gordon 2000) . Therefore, understanding the state of preserved nerves is important as they may have implications on subsequent nerve regeneration. We hypothetised that organ culture media, which preserves corneal epithelial, stromal and endothelial viability for weeks, would also preserve corneal neurons and their associated SC. We undertook a study to test this hypothesis.
Materials and Methods
We investigated the status of corneal nerves in human eye bank-preserved corneas just prior to transplantation using histochemical staining and just post-transplantation using in-vivo confocal microscopy (IVCM). This study was fully approved by both the NRES Committee East Midlands (Nottingham) and the Research and Development department of the National Health Service Trust, with the corresponding REC reference number, 06/Q2403/46.
Thirty-seven eye bank corneas from the Manchester Eye Bank preserved by organ culture storage in Eagle's minimum essential medium with 2% of foetal bovine serum and antibiotics (penicillin, streptomycin and amphotericin B) were studied between November 2011 and March 2013. They were divided into two groups as follows:
Group A: 20 eye bank corneas that were used for Descemets stripping endothelial keratoplasty (DSEK; Table 1 ). The anterior three quarters of the donor corneas remaining after DSEK were analysed. The thickness of the donor corneas ranged from 550 to 630 lm from which the endothelium, Descemets membrane and 100-150 lm of deep stroma were dissected for DSEK. All corneas in this group were in organ culture storage for 3-4 weeks prior to the study.
Group B: 17 eye bank corneas that were unsuitable for transplantation (Table 2) . Full thickness corneas were used. The thickness ranged from 620 to 750 lm. Corneas in this group had been preserved from 5 to 11 weeks prior to being processed for histological staining.
All corneal buttons in both groups were processed and as whole mounts using the AChE technique (Al-Aqaba et al. 2010a,b) . Once processed, specimens were scanned using the NanoZoomer digital pathology microscope (Hamamatsu Photonics K.K., systems division, Hamamatsu city, Japan), and the number of stromal nerves entering the cornea from the limbus in each sample was counted. Central nerves were noted when present. The presence or absence of the 'terminal bulbs' at the perforation sites of sub-Bowman's nerves with their corresponding subbasal nerves was also noted.
Corneal nerves postpenetrating keratoplasty
Ten successfully transplanted corneal grafts (Table 3) in 10 patients eyes were imaged using the IVCM.
A laser scanning confocal microscope (LSCM) was used for in vivo confocal microscopy [HRT II-Rostock Cornea Module (HRT II-RCM) manufactured by Heidelberg engineering GmbH, Heidelberg, Germany]. Approximately 300-400 images were taken from the central cornea of each eye by the same experienced operator (MA). This was performed at 1 week, 4-5 weeks, 7-8 weeks and 12 weeks postoperatively in the same eye of each patient. The side camera of the IVCM together with nerve morphological features allowed accurate localisation of the area scanned at all follow-up visits.
Nerve analysis of IVCM imaged corneas
All images of donor cornea epithelium and stroma were checked for the presence of sub-basal and stromal nerve/ sheath structures, respectively, at all of the above time-points. The presence or absence of corneal nerve/sheath structures was noted for each patient at each visit.
Results
For groups A and B, the average age of the donors was 74.3 years. Thirty of the 37 corneas (81.1%) had AChE-positive stromal nerve/sheath structures; 15 of 20 (75%) in Group A and 15 of 17 (88.2%) in Group B. No nerves were detected in 7 of 37 (18.9%) samples; 5 of 20 (25%) in Group A and 2 of 17 (11.8%) in Group B. The average number of stromal nerve/ sheath structures entering at the limbus was 9.1 (range: 1-36 nerves); 7.5 in Group A and 10.8 in Group B. Central stromal nerve/sheath structures were seen in 17 samples, eight in Group A and nine in Group B (Table 4) .
Many stromal nerve/sheath structures were seen to terminate abruptly. No sub-basal nerves were detected in any of the samples in both groups ( Fig. 1 ). Careful examination of nerve/ sheath structures at higher magnification showed that most of them were packed with axons giving the structure a striated appearance along its length ( Fig. 2A) . In some of them there was a reduction in thickness of the nerve bundle within the Schwann cell tube associated with a contraction or collapse of the Schwann cell tube at the terminal end of the nerve/sheath structure (Fig. 2B ). The diameter of the primary stromal nerve/sheath structures (those entering at the limbus) averaged 12 lm (range: 7-15 lm), while that of the first branches was 5 lm (range: 2-7 lm). Most nerve/sheath structures present in these samples were thinner that the normal average diameter of 20 lm seen in fresh, unpreserved corneas (Marfurt et al. 2010 ).
IVCM study
In-vivo confocal microscopy (IVCM) examination showed that 9 of 10 (90%) donor corneas had stromal nerve/sheath structures at 1 week postoperatively (Table 5 ). These donor stromal nerve/ sheath structures persisted in 8 of 10 (100%) corneas at 4-5 weeks and in 9 of 10 (90%) at 7-8 weeks (Fig. 3) . One patient did not have any stromal nerve/ sheath structures at any of the postoperative time-points studied but was found to have some nerves at 7-8 weeks postoperatively. In all five corneas analysed at the 12-week follow-up, the same stromal nerve/sheath structures were detected at each follow-up time-point postoperatively at correspondingly very similar depths in the stroma and of similar morphological appearance ( Fig. 4 ; depth of frame: A = 191 lm, B = 212 lm, C = 120 lm, D = 115 lm, E = 150 lm, F = 138 lm). No sub-basal nerves were present in any cornea at any time-point postoperatively.
Discussion
Regeneration of corneal nerves postcorneal graft surgery, especially in PK, has been investigated extensively using in-vivo, ex-vivo and in vitro staining techniques (Li et al. 2003; Niederer et al. 2007; Cortina et al. 2013) . Studies show that this is a very slow and incomplete process occurring over months to years after surgery with the absence or reduction in corneal sensation from the early postoperative period onwards (Tervo et al. 1985; Darwish et al. 2007 ). These studies have assumed that donor corneas are completely devoid corneal nerves. However, our study shows that is not always true, as around 81% of our eye bank corneas demonstrated AChE +ve stromal nerve/sheath structures.
The 'structures' are usually darkly stained (brown) and show longitudinal striae representing axons within the 'structures'. This indicates that the 'structures' are actually segments of the stromal nerves, that is axons in Schwann cell tubes. Less commonly, we noticed that at the transected end of the nerve segments there was thinning and contraction of the axonal bundles within the Schwann cell tube, which appeared as an empty space. This would indicate that the 'structures' can also be axon sheaths. The fact therefore is that the 'structures' can be nerve segments, nerve sheaths or part nerve segment and part nerve sheath. In the light of this we have felt it appropriate to call the 'structures' 'nerve/sheath structures'. Our findings are in agreement with the finding of previous studies that the breakdown of Schwann cell sheath is often associated with degeneration of the distal nerve fibres following injury. As myelin and axon disintegrate, the denervated Schwann cells and infiltrating macrophages remove axonal and myelin debris by phagocytosis (Yang et al. 2008). In a previous study, Szaflik (2007) evaluated the role of white-light confocal microscopy to evaluate eye bank donor corneas preserved at 4°C. The main focus was on the corneal endothelium, but they also evaluated the stroma and reported the presence of stromal nerves in 94% of the sixteen samples that were stored for up to 3 weeks. Furthermore, all the eyes they studied were those that were unsuitable for transplantation. In our study, we were able to obtain information from whole mounts of corneas thus providing a more complete estimate of the nerves. We included seventeen corneas that were unsuitable for transplantation but were stored for a longer period of time ranging from 5 to 11 weeks. Moreover, we also included 20 samples that were used for transplantation that were preserved in organ culture for 3-4 weeks. One limitation of our study would be that we were able to evaluate the nerve population in the residual anterior three-fourths of the cornea only, the remainder being used for endothelial keratoplasty. However, this may not be a major issue as previous studies have shown that most of the corneal innervation extends to the anterior two-thirds of the corneal stroma only (M€ uller et al. 1997; AlAqaba et al. 2010a,b) . Interestingly, observing the pattern of reinnervation in corneal grafts postoperatively, it has been shown consistently that stromal nerves are seen to be present well before sub-basal nerves. Several IVCM studies have identified stromal nerves as early as 2-6 months after surgery, while sub-basal nerves when present, can only be seen at least 1-2 years, if not more after surgery (A) (B) (C) Fig. 1 . Corneal nerves stained using the acetylcholinesterase technique (AChE) and imaged with the nanozoomer digital pathology microscope in: (A) a sample suitable for transplantation, preserved for 4 weeks. Its endothelium was used in a Descemets stripping endothelial keratoplasty (DSEK) procedure. Multiple nerve/sheath structures, some with dichotomous branching, aligned radially form the limbus and extending centrally are seen in the mid stroma (B) another sample from a donor cornea that was used for DSEK and had been preserved in organ culture for 4 weeks. Stromal nerve/ sheath structures are present but much less in number compared to the previous sample. (C) a sample unsuitable for transplantation preserved for 11 weeks. Here, too multiple stromal nerve/sheath structures are seen with relatively few extending to the centre. Na = not available. * All these corneas were followed for 12 weeks post-transplantation, and the same stromal nerve was seen at each follow-up point. (Hollingsworth et al. 2006; Szaflik et al. 2007; Stachs et al. 2010) . One of these studies showed that at 4 days after PK, while sub-basal nerves were absent in the graft, few thin stromal nerves were visible in 88% of grafts studied. However, the aim of this study was to compare the pregraft endothelial cell density by specular microscopy with postgraft values obtained by IVCM and not in particular the evaluation of the nerves. It has been shown that following traumatic or surgical resection, corneal stromal nerves take several weeks to regenerate (Richter et al. 1996) . Therefore, if stromal nerves were seen in the central donor cornea in the early postoperative period, especially at 1 week postoperatively, it is highly likely that these nerves were in fact preserved donor stromal nerves, and not regenerated nerves from the host cornea. As sequential IVCM of the PK eyes showed that the same stromal nerve/ sheath structure, that were seen in the first week postoperatively, were still present at 4-5 weeks, 7-8 weeks and again at 12 weeks, it suggests that the donor nerve/sheath structure do actually survive and persist in the recipient eye post-transplantation. In one patient in this group, there were no nerves demonstrable by IVCM posttransplantation up to week 5 but nerves were seen in the weeks 7-8 scans. This suggested that this donor cornea was probably devoid of stromal nerves and that the stromal nerve/sheath structures seen at 7-8 weeks postoperatively could have regenerated from the host cornea but more likely were nerve structures already present in the donor tissue but not detected by IVCM at an earlier time point.
Recently, Al-Aqaba et al., using histological staining, reported that subbasal reinnervation in the donor cornea originates entirely from pre-existing sub-basal nerves present at the peripheral host cornea, and that stromal nerves contribute minimally or not at all to epithelial reinnervation in the donor cornea (Al-Aqaba et al. 2012) .
The SC tube could provide directional guidance to some of the regenerating host stromal nerves. It is highly unlikely for the nerves to regenerate enough to establish a sub-epithelial plexus from the stroma. Al-Aqaba et al. reported a single stromal nerve crosses the graft-host junction and moves anteriorly and toward the central region of the graft to end by penetrating the Bowman zone, giving rise to a leash of sub-basal nerves. This was seen in only one out of 12 full thickness corneal grafts studied (AlAqaba et al. 2012) .
Electron microscopic studies in both animal and human corneas show that stromal nerves, although unmyelinated, possess SC elements and cytoplasm as they course through the corneal stroma (Whitear 1960; M€ uller et al. 1996) . Stromal nerves lose their SC sheath only when they pierce Bowman's membrane to then continue as sub-basal nerves, which are completely devoid of any SC coverings. It has been established that the SC column is a pathway for the elongation of regenerating axons of peripheral nerves (Ide 1983; Ide et al. 1983 ). Transplanted SCs have been shown to assist in the regenerative process as detached SCs from degenerating axons can upregulate the expression of nerve growth factor (NGF) and its low-affinity receptor p75NGFR (Nathaniel & Pease 1963) . Therefore, it seems highly plausible that SC tubes of host and donor stromal nerves can guide the regenerating stromal nerves. In fact, this early pattern of regeneration has been demonstrated in rabbit cornea after PK within the first month postoperatively (Johnson et al. 1988) . It has been shown that peripheral nerves containing SC tubes are enclosed by basal lamina. However, the basal lamina of SC of corneal nerves is said to be incomplete, that is, fragmentary and discontinuous (Cho et al. 1988 ). This may explain why only some nerves are seen to be preserved in our donor corneas. It is also known that sub-basal nerves undergo rapid degeneration within 24 hr following interruption of their axonal continuity, while stromal nerves can survive several weeks especially when preserved in organ culture media. Based on this, we speculate that SC processes in the donor graft, in addition to assisting in nerve regeneration and integration with the host, may also provide trophic support important for axon survival, which may account for the longer survival periods of stromal nerves which have SC coverings compared to sub-basal nerves which completely lack this support. In the early stages postgraft, the corneal sensations are better elicited in the host rim compared to the centre of the donor cornea. At 3 months postoperative, the sensation in the donor cornea had slightly improved (Mathers et al. 1988 ). Our study shows that the nerve/sheath structures survive at least until 12 weeks post graft. Whether make a contribution, if any, to the recovery of sensation observed by Mathers et al. remains but at the current stage of our knowledge, is unlikely.
To the best of our knowledge, this is the first study to provide histological evidence that corneal stromal nerve/ sheath structures can be preserved in eye bank corneas when kept in organ culture storage prior to corneal transplant surgery. The stromal nerve/ sheath structures preserved in donor corneas can possibly persist indefinitely postcorneal transplantation surgery and may to contribute to directional guidance to regenerating nerves from the host stroma. However, the functional significance of these persistent nerve/sheath structures is unknown.
